Abstract. Opioids produce delayed pre-conditioning (PC) in vivo and in vitro. Our previous research revealed that opioid-induced delayed PC has an antiapoptotic effect on pulmonary artery endothelial cells (PAECs) suffering from anoxia/reoxygenation (A/R) injury. The present study hypothesized that activation of endothelial mitochondrial ATP-sensitive potassium (K ATP ) channels may result in antiapoptotic effects and against dysfunction in PAECs. Cultured porcine PAECs underwent 16 h anoxia treatment, followed by 1 h reoxygenation, which occurred 24 h following pretreatment with saline (0.9% NaCl; w/v) or morphine (1 µM). To determine the underlying mechanism, a selective mitochondrial K ATP inhibitor, 5-hydroxydecanoic acid (5-HD; 100 µM), and an opioid receptor antagonist, naloxone (Nal; 10 µM), were administered 30 min prior to the A/R load. The percentage of apoptotic cells was assessed by Annexin V-fluorescein isothiocyanate staining, using a fluorescence-activated cell sorter. The mRNA expression of intercellular cell adhesion molecule-1 (ICAM-1) was measured by reverse transcription-quantitative polymerase chain reaction. The endothelin-1 (ET-1) content in the supernatant of PAECs cultures was estimated by radioimmunoassay. Compared with the control, A/R caused the apoptosis of PAECs, release of ET-1 and increased mRNA expression of ICAM-1. Morphine-induced delayed PC significantly reduced PAEC apoptosis, increased the release of ET-1 and reduced the mRNA expression of ICAM-1 by ~1.7-times, compared with A/R. The protective effect of morphine was abolished by pretreatment with 5-HD and Nal, however, the two agents themselves failed to aggravate the A/R injury. These results suggested that morphine-induced delayed PC has a protective effect during A/R injury of PAECs. This effect may be mediated by mitochondrial K ATP channels and is opioid receptor-dependent.
Introduction
Pulmonary endothelial cells are at a high risk of ischemia/reperfusion (A/R) injury during lung transplantation, surgery or severe shock. These situations can increase endothelial cell apoptosis and endothelial dysfunction, including reduced release of nitric oxide (NO), and increased generation of endothelin (ET)-1 and intercellular cell adhesion molecule (ICAM)-1 (1, 2) . Furthermore, since the antiapoptotic effects and correction of endothelial dysfunction are cytoprotective, and promote organ survival following A/R injury (3) (4) (5) , reducing apoptosis and dysfunction of endothelial cells may be an attractive means to reduce A/R injury of the lung.
Several previous studies in the heart have demonstrated that a short period of A/R protects against the harmful effects of subsequent prolonged ischemia. This endogenous mechanism of protection has been termed ischemia pre-conditioning (IPC) (6) . This protection has also been demonstrated to be mediated by the stimulation of receptors linked to inhibitory G proteins, including opioid receptors (7) . IPC has been described as a biphasic event: The acute phase is limited to 1-3 h following a brief ischemic stimulus, and the delayed phase emerges 24 h later and may last up to 72 h (8) .
Opioid receptor activation has been implicated in IPC, and, indeed, exogenous activation of opioid receptors has been well-documented to afford both acute and delayed cardioprotection against A/R (8,9). As one of the most widely used opioids for the treatment of pain, morphine has been shown to induce both acute and delayed cardioprotection.
There is a growing body of evidence demonstrating that ATP-sensitive potassium (K ATP ) channels are the predominant end effector proteins mediating the anti-ischemic properties of IPC and its endogenous triggers, including adenosine and opioids (10) . The mitochondrial K ATP channel has been implicated in cellular protection against metabolic and oxidative stress in a variety of tissue types, including liver (11), gut (12), brain (13) , kidney (14) and endothelium (15) . Delayed protection against the ischemic myocardium via opioid receptor stimulation appears to also be due to K ATP channel activation (16) . A K ATP channel opener inhibited the release of ET-1 and overexpression of adhesion molecules in aortic endothelial cells (17) . A previous study demonstrated that the K ATP channel opener exerts antiapoptotic effects through the opening of mitochondrial K ATP channels in endothelial cells (18) . These previous experimental studies suggest that endothelial K ATP channels are important in protecting endothelial function.
Our previous study reported that morphine-induced delayed PC can reduce the apoptosis of pulmonary artery endothelial cells (PAECs) by stimulating K ATP channels. The present study aimed to determine whether these antiapoptotic effects are associated with mitochondrial K ATP channels. In addition, the hypothesis that morphine-induced delayed PC can reduce the release of ET-1 and ICAM-1 overexpression in PAECs by stimulating mitochondrial K ATP channels was investigated.
Materials and methods

Reagents.
Mor phine was obtained from Qinghai Pharmaceuticals Co., Ltd. (Qinghai, China). Naloxone (Nal) was a product from Four-Ring Bio-Pharmaceuticals Co., Ltd. (Beijing, China) and 5-hydroxydecanoic acid (5-HD) was purchased from Sigma Chemical Co. (St. Louis, USA). The reagents were dissolved in Dulbecco's modified Eagle's medium (DMEM; Gibco; Thermo Fisher Scientific, Inc., Waltham, MA, USA). All other chemicals and materials were obtained from local commercial sources.
Isolation and culture of PAECs. Endothelial cells were obtained from the main pulmonary artery of 6-to 7-month-old pigs, as described by Block et al (19, 20) . Fresh blood vessels were obtained from the slaughterhouse and transported in ice-cold DMEM. Each vessel was washed twice with sterile Hanks' balanced salt solution (HBSS; Gibco; Thermo Fisher Scientific, Inc.), containing 100 U/ml penicillin (Harbin Pharmaceutical Group, Co., Ltd, Shanghai, China) and 100 µg/ml streptomycin (Harbin Pharmaceutical Group, Co., Ltd.). The vessels were trimmed of fat and serosa, and branch vessels were ligated. The lumen of each vessel was subsequently filled with 0.1% (w/v) collagenase I in DMEM and was incubated at 37˚C for 20 min. At the end of the incubation period, the loosened cell-enzyme mixture (collagenase-treated cells) was transferred into a centrifuge tube, containing DMEM, supplemented with 20% fetal bovine serum (Gibco; Thermo Fisher Scientific, Inc.). The vessels were cut open and the luminal surface was gently scraped with a sterile scalpel. The scraped cells were suspended in fresh culture medium. These scraped cells, as well as the collagenase treated cells, were centrifuged at 1,000 rpm for 5 min at room temperature. The pellets were resuspended in fresh DMEM, containing 10% fetal bovine serum. The cell suspensions were seeded into sterile 25 cm 2 culture flasks at a density of l-2xl0 4 cells/cm 2 and were subsequently incubated at 37˚C with humidified 5% CO 2 . The medium was changed every 72 h until primary confluence (~70%) was reached, following 4-7 days. Endothelial cell monolayers were subcultured 4-5 days following reaching confluence by incubation for 1-3 min with 0.25% trypsin (Gibco; Thermo Fisher Scientific, Inc.) in Ca 2+ -Mg 2+ -free HBSS. Pre-confluent subcultures were incubated in DMEM, containing 10% fetal bovine serum, while post-confluent subcultures were maintained in DMEM, supplemented with 10% fetal bovine serum and 50 µg/ml endothelial cell growth factor (Roche Diagnostics, Indianapolis, IN, USA). Cells between passage 2 and 6 in post-confluent monolayers were used for experiments. All monolayers were initially identified as endothelial cells by observing the typical cobblestone morphology by phase-contrast microscopy (TS100-F; Nikon Corporation, Tokyo, Japan). Selected dishes of cells were further characterized by electron microscopy (H-7650; Hitachi, Ltd., Tokyo, Japan) or indirectly by immunohistochemical staining for factor VIII-related antigen to confirm the homogeneity of endothelial cells.
Grouping and experimental protocols. For anoxia/reoxygenation (A/R), the culture medium was replaced by thorough exchange with deoxygenated, glucose-free DMEM. The PAECs were incubated in anoxic conditions using a plexiglass chamber (24.3 x 32.8 x 14.5 cm), which was continuously filled (0.3 l/min) with an anoxic gas mixture (95% N 2 and 5% CO 2 ) for 16 h. The temperature in the chamber was maintained at 37˚C by placing it into a thermostatic water tank. Following anoxic treatment, reoxygenation was achieved by exposing the cells to normoxia at 37˚C in a humidified atmosphere of 5% CO 2 for 60 min. A blood gas analyzer (Rapidlab 248; Bayer Healthcare Pharmaceuticals, Leverkusen, Germany) was used to examine the oxygen tensions of the culture medium, which were 6-10 and 140-150 mmHg in anoxic and normoxic PAECs, respectively.
As shown in Fig. 1 , the cells were randomly divided into seven groups: i) Control group, in which PAECs were untreated; ii) A/R group, in which PAECs were treated with 16 h anoxia and 1 h reoxygenation; iii) morphine-induced delayed PC (MP) group, where morphine was administered at 1 µM for 24 h prior to A/R to determine whether morphine stimulation elicits delayed PC; iv) A/R + 5-HD group, where PAECs were treated with a selective mitochondrial K ATP inhibitor, 5-HD (100 µM), for 30 min prior to A/R; v) A/R + Nal group, in which PAECs were treated with the non-selective inhibitor of opioid receptors, Nal (10 µM), for 30 min prior to A/R; vi) MP + 5-HD group, where morphine was administered at 1 µM for 24 h prior to A/R and PAECs were treated with 5-HD (100 µM) for 30 min prior to A/R; vii) MP + Nal group, where morphine was administered at 1 µM for 24 h prior to A/R, and PAECs were treated with Nal (10 µM) for 30 min prior to A/R.
Annexin V-fluorescein isothiocyanate (FITC) fluorescence-activated cell sorting (FACS).
An Annexin V-FITC kit from BD Pharmingen (Franklin Lakes, NJ, USA) was used, according to the manufacturer's protocol. Briefly, PAECs were washed with cold phosphate-buffered saline and resuspended with binding buffer [10 mM HEPES/NaOH (pH 7.4), 140 mM NaCl and 2.5 mM CaCl 2 ] prior transferring 1x10 5 cells into a 5 ml tube. A total of 5 µl Annexin V and 5 µl propidium iodide were added, and the cells were incubated for 15 min in the dark. Binding buffer (400 µl) was subsequently added to each tube and the cells were analyzed by flow cytometry (BD Biosciences, Franklin Lakes, NJ, USA).
mRNA expression of ICAM-1. To determine the mRNA expression of ICAM-1, the total RNA was isolated from cells using TRIzol reagent (Invitrogen; Thermo Fisher Scientific, Inc., Waltham, MA, USA), according to the manufacturer's protocol. RNA was frozen at -80˚C until analyses were performed. Any DNA contamination in the isolated RNA was eliminated with DNase treatment. The RNA concentration was determined spectrophotometrically at 260 nm (SmartSpec™ 3000; Bio-Rad Laboratories, Inc., Hercules, CA, USA). The RNA integrity was evaluated by 1% agarose gel electrophoresis. Of the total RNA, 3 µg was used for the RT reaction using the ThermoScript RT-PCR systems (Invitrogen; Thermo Fisher Scientific, Inc.), according to the manufacturer's protocols. Gene expression was normalized against the housekeeping gene, β-actin. Primers and TaqMan probes (obtained from Shanghai GeneCore BioTechnologies Co., Ltd., Shanghai, China) with the following sequences were specifically designed for the porcine model: ICAM-1, sense: 5'-CAC AGG CCG CCA CTA ACAA-3' and antisense: 5'-GGT TCC ATT GAT CCA GGT CTTG-3'; probe: 5'-CAC GCA TAA TGG CGA CTC CCT CCTG-3'; β-actin, sense: 5'-ATG GTG GGT ATG GGT CAGAA-3' and antisense: 5'-ATG TCG TCC CAG TTG GTGAT-3'; probe 5'-CCT ACG TGG GCG ACG AGG CTC-3'. The amplification was performed in 20 µl reaction mixture, containing 2 µl first strand cDNA products, 1 µl of 10 µM each forward and reverse primers, and 1 µl probe (10 µM). The relative quantification of the mRNA expression of ICAM-1 was assessed by reverse transcription-quantitative polymerase chain reaction, using the LightCycler Real-Time PCR Detection system (Roche Molecular Biochemicals, Indianapolis, IN, USA). Amplification was performed as follows: 94˚C for 2 min (denaturation), 94˚C for 5 sec (short denaturation), 55˚C for 15 sec (primer annealing) and 72˚C for 10 sec (elongation), for a total of 40 cycles, followed by 72˚C for 2 min (extension). Negative controls were performed in parallel for every PCR reaction to exclude amplification of contaminating DNA. Electrophoresis analysis was also performed on a 2% agarose gel for quality control purposes. The data were normalized against β-actin to account for differences in RT efficiencies and the quantity of template in the reaction mixtures.
Radioimmunoassay for ET-1. Supernatant samples for ET-1 were collected in frozen tubes and stored with aprotinin at -70˚C until analyzed. ET-1 was measured using a commercial radioimmunoassay kit (Endothelin RIA Kit; Eastern Asia Radioimmunity Research Institute, Beijing, China), according to the manufacturer's protocol.
Statistical analysis. The data are expressed as the mean ± standard error of the mean. One-way analysis of variance with a Student-Newman-Keuls post-hoc test was used to determine whether any significant differences existed between the groups. SPSS 11.0 software (SPSS, Inc., Chicago, IL, USA) was used for data analysis. P<0.05 was considered to indicate a statistically significant difference.
Results
Apoptosis of PAECs.
To determine the apoptosis of PAECs in different groups, flow cytometric analysis was performed. The FACS results are shown in Fig. 2 . The MP group presented similar levels of apoptosis compared with the control group (7.5±0.5, vs. 4.3±0.4%, respectively; P<0.05) and lower levels of apoptosis compared with the A/R group (7.5±0.5, vs. 20.4±1.2%, respectively; P<0.05). Nal or 5-HD alone caused no alteration to the apoptosis percentage (P>0.05, compared with the A/R group). However, treatment with 5-HD or Nal inhibited the antiapoptotic effect of morphine-induced delayed PC (P<0.05, compared with the MP group).
mRNA expression of ICAM-1. Compared with the control group, the mRNA expression of ICAM-1 was enhanced 2.9-fold by morphine-induced delayed PC (MP, vs. control; P<0.05), however, the A/R group had a 5.1-fold increase in the mRNA expression of ICAM-1 (A/R, vs. control; P<0.05; Fig. 3) . Compared with the A/R group, the mRNA expression of ICAM-1 was reduced 1.7-fold by morphine-induced delayed 
Concentrations of ET-1 in culture medium.
The concentrations of ET-1 in the culture medium are shown in Fig. 4 . Compared with the A/R group, the MP group demonstrated a decrease in the levels of ET-1 in the culture medium (583±37 pg/ml, vs. 823±31 pg/ml, respectively; P<0.05). The levels of ET-1 in the culture medium of the MP group were higher compared with that in the control group (583±37 pg/ml, vs. 412±30 pg/ml, respectively; P<0.05). The results for the A/R + 5-HD and the A/R + Nal groups were not significantly different compared with that of the A/R group (P>0.05). Inhibition of the opioid receptors with Nal or of the mitochondrial K ATP channels with 5-HD following 24 h of morphine pretreatment, 30 min prior to A/R, completely abolished the morphine-induced decrease in ET-1 levels (P<0.05, compared with the MP group).
Discussion
It was previously shown that morphine-induced delayed PC against apoptosis in PAECs and demonstrated that the opioid receptor and K ATP channel is the mediator of this phenomenon. The present study revealed that morphine-induced delayed PC has clear protective effects on cultured PAECs by inhibiting cell apoptosis, decreasing ET-1 release and suppressing the mRNA expression of ICAM-1. Additionally, these findings implicated mitochondrial K ATP channels and opioid receptors in the mechanism of morphine-induced delayed PC, since protection of morphine-induced delayed PC was inhibited by 5-HD and Nal, however, 5-HD or Nal alone did not effect cell apoptosis or dysfunction.
Opioid receptors are guanine nucleotide binding protein-coupled receptors and Opioids have been demonstrated to confer both the acute and the delayed phases of protection similar to IPC (8). Tan-67, the specific δ 1 -opioid receptor agonist, can induce delayed PC to injured cardiomyocytes (16) . In addition, morphine and Tan-67 dose-dependently reduced neuronal death induced by oxygen-glucose deprivation applied 24 h following the opioid pre-treatment in hippocampal slice cultures (21) . Our previous study revealed that morphine-induced delayed PC attenuated the apoptosis of PAECs (22) . Therefore, identical mechanisms may appear true in the opioid-induced delayed PC phenomenon for decreasing A/R injury in different cells and organs. The present study further revealed that morphine-induced delayed PC can decrease ET-1 release and the expression of ICAM-1.
The protection of morphine to rat astrocytes from apoptosis has been demonstrated and the protection can be antagonized by Nal, a non-selective opioid receptor antagonist (23) . In our previous study (24) , morphine-induced delayed cardioprotection was also abolished by Nal. The present study demonstrated that the protective effect of morphine-induced delayed PC was inhibited by Nal. No significant difference was observed in the extent of apoptosis between Nal and the A/R group. This data indicated that Nal alone caused no effect on the survival of PAECs. The present data suggested that opioid receptor activation mediated morphine-induced delayed PC in PAECs.
A large body of published data implicated the activation of K ATP channels in the mechanism of delayed PC in a variety of cell types (25, 26) . Similarly, K ATP channels were demonstrated to be involved in opioid-induced delayed cardioprotection in rats (16) . K ATP channels were discovered in cardiac tissues (27) . Subsequently, these channels were identified in other tissue types, including the brain, smooth muscle and endothelium. There is evidence for the involvement of K ATP channels on the sarcolemma and the mitochondria, based on the actions of known pharmacological modulators of channel activity. It has been previously shown that the activation of mitochondrial K ATP channels results in a reduced rate of ATP hydrolysis during ischemia and improves fatty acid oxidation, respiration and ATP production (28) . Previously, nicorandil, a K ATP channel opener, was shown to inhibit apoptosis through the activation of mitochondrial K ATP channels in cultured cardiomyocytes (29) , neuronal cells (30) and endothelial cells (31) . Additionally, previous reports indicated that mitochondrial K ATP channel opening prevents apoptosis, presumably by inhibiting the mitochondrial Ca 2+ accumulation during simulated ischemia (17) . In our previous study, the antiapoptotic effects of morphine-induced delayed PC on PAECs were inhibited by glibenclamide, a non-selective K ATP channel inhibitor. In the present study, the antiapoptotic effect of morphine-induced delayed PC on PAECs were inhibited by 5-HD, a mitochondrial K ATP channel antagonist. The results suggested that stimulating mitochondrial K ATP channels contributed to the mechanism of antiapoptotic effects of morphine-induced delayed PC.
Endothelial cells are considered the predominant source of ET-1 and A/R injury of organs induced ET-1 pathological increase in endothelial cells. A novel K ATP channel opener, iptakalim, enhanced the release of NO and inhibited the release of ET-1 in endothelial cells (17) . A previous study observed that IPC attenuated enhanced generation of ET-1 and prevented endothelial dysfunction, these effects of IPC were abolished by 5-HD (32) . The present data showed that following inhibition of the mitochondrial K ATP channels by 5-HD, the inhibition of morphine-induced delayed PC on ET-1 release and ICAM-1 expression were abolished. Therefore, the protective profile of morphine-induced delayed PC in PAECs dysfunction may be mediated by mitochondrial K ATP channels.
The lungs possess the largest surface area of endothelial cells in the body and A/R injury induces endothelial apoptosis and dysfunction in pulmonary blood vessels (2) . Apoptosis is important in the pathogenesis of A/R injury (33) . Inhibition of apoptosis during lung A/R injury is associated with improved survival and function. ET-1 is a potent vasoconstrictor, it also changes polymorphonuclear leukocytes' deformability and promotes their retention in the lung (34) . Lung A/R injury increased the production of endothelial adhesion molecules, including ICAM-1, which leads to the adhesion of neutrophils to the endothelium. As shown in the present data, morphine decreased cell apoptosis, attenuated ET-1 production and suppressed ICAM-1 overexpression 24 h following its administration in PAECs. If the protective effects are confirmed in humans, morphine may be used for patients who will suffer from the A/R injury of the lungs.
In conclusion, the present study demonstrated that morphine-induced delayed PC was capable of suppressing cell apoptosis, ET-1 release and ICAM-1 expression induced by A/R injury in cultured PAECs. It was shown that the protective effect of morphine in cultured PAECs involves the activation of mitochondrial K ATP channels and opioid receptors. This data supported that opioid-induced delayed PC may be effective in the treatment of A/R injury in the lung and may be a promising method to be developed for clinical application.
